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OBJECTIVES AND RECOMMENDATIONS

Present day space operations support the service segments
of the national and world economies. Astounding advances have
been made over the past twenty years in the deveiopment of space
tools for observation, communication and exploration. Major
advances are forthcoming which will be characterized in part by
a widening and increasing occurrence of direct connections between
terrestrial individuals and space hardware. However, an economy
capable of directed original growth in potency must be self-
sufficient. It must be supported by the more fundamental

materials economy. The creation of materials economies is the

industrial revolution which has a 400 year history. Keys to the
development of a materials economy are the availability of matter
to be worked, energy to do the work and skif{l to use energy to
mold matter to new uses and combinations. Development of a

space materials economy or true space industrialization is strongly

inhibited by the extremely high costs of obtaining matter from
earth with which to work in space. Solar energy is clearly avail-
able to do work in space. The moonr, and possibly certain asteroids,
are primary sources of raw materials for large scale use in space.
Space systems have been proposed in detail which can provide
large quantites of lunar and eventually asteroidal materials at
Tow unit costs ($/kg) for industrial use in cis-lunar space.
In this study we examine the application of available
terrestrial skills to the gathering of lunar materials and the
processing of raw lunar materials into industrial feed stock. We

find that much terrestrial technology can be transferred to
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the gathering of lunar materials and the processing of raw

lunar materials into industrial feed stock. We find that much
terrestrial technology can be transferred to industrial operations
in space. Immediate development of plans and operations to make
use of lupar materials in the 1960's in space is appropriate

and feasible from the standpoint of gathering lunar surface
materials and processing them in space. Planning for and the

creating of a materials industrial economy in space can be

initiated now. Major immediate objectives, which appear
achievable, are to decrease the complexity of the physical systems
and the capital expenditures needed to establish the first space
indusiries. Space industrialization is technically feasible.

Jur challenge is to craftily employ the skills available
to us in our university, industrial/commercial and government

organizations to create the initial materials economy in cis-lunar

space for a minimum investment and in a minimum time. Now is
the time to exploit the accomplishments resulting from this
nation's 100 billion dollar investment in space, one fourth of

that in lunar operations to produce a viable materials economy

in the cis-lunar space.
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I. EXECUTTVE OVERVIEW
A. INTRODUCTION

Incorporation of extraterrestrial materials into large

space structures and products for the materials and servicel’2

industries requires the introduction of two new planning elements

- e s

into the development of the overall space system which are
different from the complete supply of all materials from earth.
These new elements are: (1) acquisition of the raw materials
from the moon, earth approaching asteroids or other materials
sources and (2) the physical and/or chemical processing of the
materials into forms suitable for the utilization by downstream
industries. Table I presents seven qualitative arguments for the
use of extraterrestrial materials.

[n this investigation we have focused on the utilization
of material from the moon because the characteristics
of soils, rocks and data returned during the Apollo program
have been examined in great detail (>15,000 man years of
research). An extensive, well indexed and reviewed literature
exists from which specifiv engineering approaches and problems
can be accurately defined for the acquisition and processing

of the 30115.3

In addition, over 1,500,000 man-years of well
documented technical effort was accumulated during the Apolio,
Skylab, Apollo-Soyuz, and Space Shuttle programs with resrect
to creating and operating extensive manned activities in earth

orbit, cis-lunar space and on the lunar surface.
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Earth approaching asteroids will a* some point in the
future be an important source of industrial material for use in
space. One can expecti to obtain a greater range of materials
from a number of asteroids than can be obtained from the low

latitude lunar soils-3’4’5

However, we do not know in detail
the bulk mineralogy or chemical composition by indirect obser-
vations of any ot the asteroids. Detailed systems planning
and analysis for asteroid use is more challenging pending
direct analysis. It is not unreasonable that early return

to the vicinity of the earth of large quantities of asteroidal
materials may constitute a portion of the early exploratory
phase. Immediate utilization of asteroidal mass for radiation
protection, reaction mass or other direct functions can occur
on return. Thereafter chemical processing schemes car be
brought into operation.

The "Extraterrestrial Materials Processing and Cosntruction"

program has focused on the following major tasks:

(1) Review the available literature on lunar soils and
rocks and identify one or more chemical processes
by which the major oxides and chemical elements can
be extracted. A critical review was 2also conducted
on previously proposed p.dcessing schemes and their

limitations and advantages were identified.

R e e ol L -
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(2)

(3)

(4)

(5)

Applicability of terrestrial knowledge of glass and
ceramic production technology to the production of
lunar glasses and ceramics was investigated.

Gathering of the soil on the iunar surface by means
of excavation equipment was studied in terms of
terrestrial experience with strip mining operations

on earth.

The application of electrostatic benefication tech-
niques was examined for use on the moon to minimize
the quantity of materials requiring surface transport
and Lo optimize the stream of raw materials to be
transported off the moon for subsequent industrial
use.

The Standard Industrial Categories (SIC's) of the
United States' ecnnomy were cxamined for 1967 and 1972
to determine which SIC's contained items producable

in large part or partially from lunar materials. The
average intrinsic cost ($/kg) of all the products in
each SIC was calculated. The total energy of production
of each SIC (billions kilowatt hours)-was determined.

The study provides the first qualitative feel for

which terrestrial industries initially might be
adaptable to operate in space due to considerations
of available raw materials, intrinsic product value

($/kg) and sector eneray consumption.

¥



[P, ot

D T e Vg

s e £ TR RO o e w0

s e -

Major results of the studies are summarized in Table II
and are described in the following pages. The study did not
consider the various means which have been proposed to eject
material from the lunar surface into space or the fabrication
of goods from the chemically processed industrial feedstock
except for suggestions of a few interesting potential products.
Attention was given to the possible alloys that could be produced
from lunar materials and from lunar materials combined with minor
or trace alloy elements from earth. Finally, specific recommen-
dations are made for experiments and theoretical investigations
which would provide key information for the planning of base-
line or reference systems for the chemical processing of lunar
soil. Development plans to achieve those systems early in the
shuttle era are presented. The results of these studies are
in preparation for publication in the scientific, engineering and
business literature.6’7’8’9

We will examine in the remainder of this executive summary
why the moon constitutes not only a suitable reservoir of raw
materials for the construction of space power systems (SPS) but
why it is also well suited to meet many of the major materials
needs of a general industrial economy. Specific chemical
processing systems selected for further study as appropriate to
the space environment will be discussed and it will be pointed

out that the development time of one or more of these as a
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space system scaled to the prototype industrial level can be
readily accomplished in the early 1980's. Such prototype systems
can satisfy the materials needs of initial large space projects

in the late 1980's and early 1990's by processing of lunar
materials. Results of the studies on glass production, Tunar
strip mining and electrostatic benefication and technology transfers
to space will be reviewed. We will examine the various Standard
Industrial Categories to determine which contain input materiais
and operations appropriate to space. Finally, the recommendations
for near and midterm studies to identify and develop specific
physical, *%ermal and chemical processing systems will be
presented. It is very likely that the time and expense needed

for the development of the initial materials processing systems
will be very reasonahle by the standards of aerospace hardware
development. This is dus in part to the small scale of the mater-
ials handling requirements of the early large space systems which
are comparable to the prototype level in terrestrial industry

and in part to the considerable industrial experience available

for the production of similar processing operations.

B. THE MOON AS A SOURCE OF INDUSTRIAL MATERIALS

Dry and dusty, the moon appears to be an unlikely place
from which to extract the basic elements necessary to build
either specialized structures in space or a generalized space
economy. However, surface appearances are deceiving and the
basic elemental requirements of present terrestrial industry

are not generally appreciated. Terrestrial industry consumes
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a wide range of c¢lements in producing the outputs which make
industrial societies possible. Demandite is a conceptuas or
synthetic molecule which is composed of the weight fractions

of the major elements consumed by industry (Figure I-1). Table
I-3 gives one estimate of the weight fraction of materials

used in the United States' economy in 1968.]O Notice that

by weight 40% of the molecule is fuel for the industrial and *
transportation industries. Space demandite must differ radically
from this distribution because solar electricity must replace
hydrocarbons as the source of energy. This is similar to

what must happen eventually on the earth either for reasons

of depletion of the hydrocarbon reserves or possibly due to

carbon dioxide contamination of the atmosphere.]]

Approx-
imately 45-52% is usel as building materials for roads, dans,
building and so on. Taule II-4 (column 3) gives the weight
fraction distribution of elements in the demandite mclecule

if the fraction of the hydrogen and carbon used as petroleum is
subtracted but the fraction (2%) used for plastics is retained.
Notice that oxygen, silicon and calcium mostly ian the form of
calcium carbonate (CaCOs) and silica (SiOz) are the most common
elements. Metals constitute 5.7% of the molecule, agriculturally
related elements 1%, and chemical processing elements 3%. In
column 4 we see the weight distribution of elements in the Apollo
15 soils. What is immediately apparent is that most of these
economically significant elements (0, Si, Ca, Fe, Al, Mg and Ti)

can be extracted from the lunar soil with no more than a factor

of two enhancement in concentration. The metals are especially
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abundant. Elements requiring especially large enhaincements
constitute approximately .03% of the demandite weight fraction
(C, Mn, N, C1, and H) whereas elements requiring a factor of
2.1 to 10 enhancement (K, P, Na, and Ca) constitute 8% of the
demandite weight fraction. Such enhancements are possible so
virtually all the non-fuel demandite can be acquired from lunar
soils sampled to date. It must be emphasized that these are
the elements used in the production of new goods and process
elements and not the elements which are continuously recycled
in industry and agriculture such as those in water and air
(hydrogen, nitrogen and carbon).

Industry in space (Figure I-2) will certainly require a
different mix of chemical inputs. It is likely that fiberglass
and glass will replace concrete and stone as dominant components
in building materials for large structures. Lunar soil is an
ideal source of raw materials for such structures. The avail-
ability of solar thermal and electric energy will minimize
the prccessing costs in space of glass and fiberglass composites.
Extractive industry in space must continually design for
increasing closure against loss of the various process fluids.

The economic pressures will be far stronger for process closure

due to costs of replacing lost fluids than in terrestrial industry
due to environmental and economic pressures. Research and
development of space industries will have many direct applications
to terrestrial industrial practices and could assist in drastically
reducing the production of waste products in terrestrial industries

by i.troducing new practices. In addition, the elements which

bt 4
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are most abundant on the earth such as iron, aluminum, silicon,
magnesium and titanium will be developed to perform an increasing
number ¢f industrial roles due to higher costs of less available
elements. Thus, space industries can be expected to introduce
new products and procedures to terrestrial industry of the

exact character that will be needed in the future to circumvent
the effects of depletion of key minor element resources. It is
also foreseeable that the glasses, ceramics, and metals produced
in space may find markets on the earth not simply due to possible
lower costs but due to the elimination of the need to provide
process energy on the earth to extract and refine the materials.
In this manner a fraction of processing energy can be made
available for other purposes of higher social desirability.
Approximately 20% of the gross ene content of fuels s consumed
in bringing the energy to the market place. This fraction is
rising steadily as less accessible or more poliuting energy
sources are exploited. In the United States more than 20% of

the energy is expended in processing metals (8%), chemicals and
allied products (8%), petroleum refining (4%) and production of
non-metallics (2%).12 These fractions could eventually
double as more materials are extracted from minimal grade stocks
on ear'th.]0 Thus, power may be effectively transported to the
earth at some future time, in large quantities, in the form of
the processing energy of refined industrial feed stocks from

extraterrestyrial materials.
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C. SCHEMATIC OVERVIEW OF SPACE INDUSTRIALIZATION -
GROWTH AMND PRODUCTION

Figure I-2 is directly relevant to understanding the goals
nf the "Extraterrestrial Materials Processing and Construction"
program. In this diagram are identified the major funccioral
activities and where they occur, major mass accumulations and
flow rates, capital and through-put expenditures and critical
recycie loops for the grow and steady state phases of a space
1ndustry. Definitions of the various letters are stated in the

caption to figure I-2.

Major efforts have been directed in this study toward
understanding the chemical processing techniques that are
applicable to space operations which would occupy box (6) in
figure I-2. We have examined previous schemes proposed for
bulk chemical processing techniques, identified new processes
and adaptations, estimated plant masses and efficiencies for one
particular design and explicitly considered the quantities of
materials which must be supplied for plant construction and
operation in the first and subsequent bootstrapped plants.

Ore consulting effort was directed toward the suitability
of lunar soils to the production of glass and ceramics (Box 6).
A second, the physical benefication of lunar soils into ore
concentrates by electrostatic separation devices (Box 4) was
considered because it may allow a low cost and low power means
to tailor the input of raw material into the transportation
system to the needs of the final industrial processes which are

dominant at a given time. Physical processing might occur on

4
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the moon prior to material ejection into space or/and in space
at the industrial center.

A third consulting effort focused on the scale of strip
mining activity on the moon which is required to support a mass
flow off the moon of 30,000 MT /yr to 1,000,000 MT/yr in terms
of type of equipment needed, mining conditions, buildup of
equipment with time, power needs versus time and the type and '
numober of personnel needed. The mining study relates to the l
activities in box (4) and on the moon (3).

The fourth r-~port was a survey of industrial output onr
earth in terms of the intrinsic value of goods produced ($/kg)

and the total energy consumption of these goods (Billions Kw-Hr).

h e e A i S

The study was organized by Standard Industrial Categories as a

general guide to the types of industries which could be expected

PR PP

to evolve in space, the intrinsic value-added by such industries
($/kg) and in the longer view to provide a guide as to what
large space industries might penetrate the terrestrial market
place.

Several general observations concerning figure 2 are worth
making. The coefficients de (demandite make-up from earth),
Cp (processing fluids make-up) and C, (make-up loss of 1ife-
support materials) should be minimized both in the start up and
steady operating phases of space industry. The loss of material
(1 & i) should be minimized. The mix of material M' should be
adjusted to minimize treasport requirements and processing
requirements. The demandite formulation can be expected to

change with time as different space productsc dte emphasized and J

*MT = metric tons



I - 11

as experience allows the development of more material
substitutions. It is not unreasonable to expect de < 0.05 to
0.01 tc be achievable. As the population in space increases
there will evolve habitable structures in which matevr.al used
for radiation protection will also be used for structural
support of the internal atmosphere and other loads. Very
likely a fiberglass-metal composite will be evolved to provide
this combined function and will provide multi-story internal
walls (floors) for large habitats. Attention should be given
at an early stage to the constructior of such units and the
recovery of the minor and trace elemeat inventory from the
raw lunar materials which would be used for the wall or hull
construction. Finaliy, the volume and number of distinct regions
of space over which industrial ~perations are performed should
be minimized in the early phases.

It has been estimated that lunar soil [M' ($/kg)] can be
obtained in the early phases of space industrialization for as

Tow as 15to 30 $/kg.]3’14

With time, this cost should drop

te a small multiple of the cust of the electric power used to
eject material from thz moon. As an example: If power could

be acquired in space at 25 mills/kw-hr the minimum ejection cost
would be approximately 0.02 $/kg which is considerably less than
the cost of most terrestrial refined materials and firished gooas
and considerably less thar the expected turn of the cenlury earth
launch costs of 15-30 $/kg. However, in the earliest stages

of industrialization the space products can have intrinsic

values between 20 and 200 $/kg tc cover the cost of lunar

© e bk . s
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material acquisition and processing and capital investments
and still be less than the cost of launching the materials
from eartih.

It appears on the basis of our chemical processing studies
that process fluids make-ups C. £ 0.005 can be achieved for

p
anorthosite processing. This study and previous studies]5’16

3 tons must be placed in low earth

indicate that Ce(kg) X 3-10
crbit to implace a supply base on the lunar surface which
can eject my = 3-104 tons/year of lunar soil into space

initially and grow to an annual ejection rate of hy = 106

tons/year in five years.

D. SPACE POWER STATIONS AND MATERIALS PROCESSING SCALES

Space solar power stations appear to be ideal candidates
for initial products because of their expected high intrinsic
value (200 to 400 $/kg, Eo in figure I-2) and the vast potential
terrestrial marke* the order of one trillion dollars over the
next thirty years. It is now clear that space power stations
can be constructed of approximately 90% lunar derived materials
even without redesign of the terrestrially based mode]s.]7
With redesign this fraction might be increased somewhat and more
importantly the fabrication processes might be substantially
simplified. An area of considerable possible advancement is the
replacement of the basis photovoltaic cell with photoelectric
emission devices which appear to be extremely easy to produce
in space from lunar materials and ideally suited to space

operation in a radiation environment, 819,20

P
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Using the terrestrially baselined SPS models, the
principal materials input requirments from the moon appear
to be easily met and are given in table V for a 87,800 MT SPS

with a projected 1C gigawatt ground output.]7

Assuming
production of one SPS per year for the first few units the
cutput processing rates of lunar materials are 56,000 MT/yr

for silica glass, 15,000 MT/yr for pure silicon, 12,000 MT/yr
for aluminum, and 5,000 MT/yr for iron. Earth import of 440 MT
would be required. The qualitatively significant point is that
these processing quantities are more comparable to the production
capacities of terrestrial prototype plants rather than to the
capacities of large scale industrial plants. Other reductions
in the mass of highly -refined components can be anticipated

as systems designed to make best use of lunar materials and

the space environment are considered.

It is important to pursue the subject of the SPS as a
candidate for construction in space because it provides a
dramatic model by which to appreciate the power of lunar
utilization for establishing space industry of a qualitatively
significant nature in a reasonable period of time with near
term technology. Figure I-3 is a scaled sketch of the Grand
Coulee Dam in Washington state. Grand Coulee Dam is of interest
because it is the largest single producer of electrical power
in the United States. Its maximum electrical output will be
9,200,000 kilowatts (9.2 GW) or approximately 10% less than

the projected ground output of an SPS. Grand Coulee was, and
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still is, a very large structure with a length of 1.3 km, a
height of 0.1 km and a mass of approximately 40,000,000 metric
tons. It was planned during the 1920's and constructed in the
1930's. It was clearly a sophisticated engineering challenge.
Incidently, Grand Coulee is powered by solar energy with rain
water being the transducer of solar energy to mechanical energy.
The energy collector area of Grand Coulee is the drainage basin
for the eastern portion of the Columbia River and is approx-
imately 300,000 Km°.
Compared to Grand Coulee little mass is required in space
for solar collectors and transmitting antennas to construct
an SPS. The concrete mass equivalent (5 T/m3) of an SPS would
be contained in the small, elongated box of concrete along
the top left hand portion of the dam. The 10 by 10 by 200
meter section of concrete has a mass of 100,000 MT or the
same as one SPS. We see that the SPS is an extremely efficient
mechanism for the collection of and conversion of solar energy.
The ground receiving array can be divided into two parts —
the sophisticated and expensive electronics For power reception
and the support structures of the electronic elements. The
sophisticated components have a total mass of approximately
4,500 MT and occupy a volume of equivalent mass of concrete
of 10 by 10 by 9 meters. The mass of ground antenna supports is
large and corresponds to 20% of the mass of Grand Coulee.
However, there is a very significant difference in that the

support structure for the receiving antennas is constructable

}
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as many small individual units of concrete and/or meta’
stands rather than a morolithic structure such as the containment
vessei of a nuclear power plant.

Viewed in comparison to Grand Coulee Dam one begins to be
impressed not with the large physical area or size o¥ an SPS
(5 by 20 by 0.1 kilometers) hut rather with the fantastically
efficient use of matter thact an SPS affords in gathering
enargy and converting it for use on earth or in space. Far less
matter must be manipulated, restructured and emplaced in space
to produce useful power Jn the ground than any other power scheme
proposed to date. This includes projected terrestrial solar
power arrays which mus® be 6 to 15 times as large in area due
to night and cloud cover to collect the same average energy
flux and which must be more massive per unit of area to withstand
the gravity and environmental conditions of earth. Finally,
it is not unreasonable to expect further advances in the trans-
mission of power to the ground to substantinlly reduce the size

and costs of the receiving systems.Z]’22

Viewed in another way
one realizes that GrandCoulee contains sufficient mass-equivalent
to construct 400 to ,00 SPS units. This quantity of electric
energy could satisfy all United States power demands well into
the next centur‘y.]0

Space power systems appear very attractive on a mass stand-
point in comparison to nuclear and coal fired plants of similar
electrical output. A 10 GW nuclear plant will have a overall
mass of the order of 8,000,000 MT including foundations,

radiation shield, reactors, generators, and ancillary equipment.

. b
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A coal fired plant composed of 20 units of 0.1 GW output would

have a mass the order of 2,000,000 MT or approximately the mass

of the support structure of the receiving antenna for a space

power system. However, the coal fired plant must burn

approximately 35,000,000 MT of coal each year. Thus, one 10 GW

coal station must traisport the mass equivalent of Grand Coulee

Dam each year. \
Attention must also be given to overall system scales which

must be created and operated if SPS is to be deployed from the

earth versus constructed from lunar materials. A feeling for i

the relative sizes is also contained in figure I-3. Proposals %

exist for fully reusable two stage boosters to be used to ship i

semi-finished or feedstock materials from earth to low earth

crbit to manufacture an SPS unit.22

If these hoosters utilize ;
hvdrogen and oxygen for propellants then theoretically the |
exhaust product could be pure water. The quantity of water

exhausted from the very heavy 1ift launch vehicles (FHVLLC)

to transport 100,000 MT to low earth orbit is indicated in

figure I-3 as effluent from Grand Coulee Dam. The effluent

could form of a slug of water 10 meters deep by 30C meters

wide by 660 meters long. Theoretical designs are available

of boosters which are scaled to accomodate this quantity of

liquid propellant usage over the course of 250 flights. Other

booster designs utilize hydrocarbons and liquid oxygen and

have an effluent mass approximately four times as great.

Bulk liquid handling technology is available to handle this

magnitude of propellant. It is used commonly on earth with ]
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petroleum at many ports. However, the terrestrial systems are
large by traditional aerospace standards and these new launch
vehicles must operate in the severe environment of the launch
from earth to 1ow earth orbit and return safely many times
with minimum refurbishment required between launches. Inert
mass of the two stage fully reusable booster would be the order
of 1,100 MT or 790 MT in the first stage and 360 MT in the
second stage with a payload to orbit of 390 MT. Half of the
fuel in each flight would be to boost the inert mass of the
second stage into orbit.

If hydrogen and oxygen were burned Stoichiometrically
the moon and used to eject with 60% efficiency 100,000 MT
into space by means ~f an electromagnetic mass driver then only
27,800 MT of water would be produced which ccviesponds to 1.4%
of the terrestrial water e“fluent or a stream flow in figure
I-3 of 10 met-rs deep by 300 meters wide by only 9.3 meters
rather than 660 meters in the terrestrial example. It is not
being suggested here that hydrogen and oxygen be used with
fuel cells on the moon to pronduce power to launch payloads in
space. QOur o'jective is to i‘lustrate the great difference in
the practical scales of propellant and materials handling,
at least a factor of /7, whi:h can be expected between utilizing
'unar versus only terrestrial materials to construct an SPS or
other large space structures. In point of fact, it is anticipatad
that solar onergy will be ut:lizad to power the lunar mass driver

and that considerable use will be made of the earliest solar cell

production of a space manufacturing facility to increase the ejection "

capacity of a lunar supply base.

"~
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The magnitude of equipment which must be employed on the moon
and in space in the gathering and processing of lunar material are
explored in figures I-4 and I-5. As was suggested in the discussion
of figure I-2 it is highly desirable to minimize the
mass of equipment necessary to start operations in space and to
make maximum use of space materials to build up further capabilities.

Figures I-4 and I-5 are based on systems designs which embrace *

« = et e, S T

that approach. The first (I-4) depicts the assembly of an initial
Tunar supply base. The rationale and design of the base was
developed during the 1977 summer study on space industrialization

24 Initial mass on

conducted at the NASA Ames Research Center.
the moon of the base would be approximately 800 metric tons.
Approximately 4000 metric tons of landers, fuels and paylcad would
have to be ejected from low earth orbit to the moon to land the
base. It would begin ejecting 30,000 metric tons/year of bulk
lTunar soil and grow in launch capacity to 600,000 metric tons/year
ocver a 5 year period. Growth would be provided by the addition

of solar cells, habitats and mining equipment. The initial mining
operations would be very mall by terrestrial standards. Shown in
figure I-4 is an excavation of a few meters depth and less than

50 meters in width. It is being worked by a single backhoe which
is a small and versatile piece of excavation equipment which can
be operated in a semiautomatic mode and monitored from earth. In
the first two years a backhoe of the type shown here wi’ a mass

of less than 25 tons could accommodate the excavation rates of

30,000 to 60,000 metric tons per year with only 3 to 6 sorties each

o

terrestrial day. It would be available for other operations the
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remainder of the day. The four partially covered tanks are the
1iquid hydrogen sections of shuttle belly tanks converted to
use as habitats, maintenance facility, mass driver loading facility
and soil packaging facility. Each tank is approximately 24 meters
long. An extensive analysis of the buiid-up of the mining machines
is presented in chapter III. Under nominal conditions with
electrostatic beneficiation less than 300 tons of mining equipment
would be required on the moon over 30 years to deliver 16 million
tons of ore to the launcher.

Figure I-5 is an artist's conception of a prototype plant
to process anorthosite. It incorporated the design requirements

appropriate to space operation and at the same time utilizes much

available processing technology. Anorthosite is a very common mineral

in the lunar highlands and an excellent source of aluminum, silicon,

silica, oxygen, and octher minor elements. The chemical plant

shown in this drawing in lTow earth orbit, passing over Galveston Bay

at sunrise was scaled to process 30,000 metric tons of anorthosite
(90% pure) each year. A 30 megawatt solar power array dominates
the picture. It is octahedral, approximately 500 meters on a side
and masses 120 metric tons.

The oxide separation stage shown in the foreground and
the electrolytic separation facility in the background have a
combined dry mass of 105 metric tons. Approximately 63 metric
tons of hydrogen, fluorine and a small amount of sodium must be
brought from earth to provide a portion of the working fluids for
the liquid phase hydrolysis scheme used in the plant. Oxygen
and sodium are extracted from the initial runs of lunar soil

to provide the full 336 metric tons of water, hydrocen, fluoride,

e 4
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and sodium hydroxide necessary for full scale plant operation.
Thus, we see that use of lunar materials immediately minimizes
the amount of material which must be shipped from earth to
start production. Space radiators to eject process heat from
the plant are the large flat objects above the oxide separator
and electrolysis units. Make up of fluorine (3 to 30 metric tons
each year) will probably constitute the major terrestrial input
for 30,000 tons of processed material.

A dual habitat for the construction and operating crews
is shown on the bottom of the solar array. Approximately 20
people can operate the plant assuming round the clock operation.
Only low temperatures and pressures are utilized in the processing
so all tanks and lines can be thin wall, low mass units. Steel
derived from lunar iron should be usable in fabricating future
units. The processing units and habitats are spun to provide
artificial gravity. A zero gravity fabrication shop constructed
out of one of the shuttle propellant tanks is shown attached to
one side of the solar array. A 2,000 ton bag of lunar soil is
tethered to the input column of the processing plant. 1In one
scenario of industrial development this soil could be a large
portion of the initial soil ejected from the moon and returned
to the earth by the mass driver reaction engine originally used
to transport the lunar base to low lunar orbit.

A rather surprising resuit of this study which evolved this
particular processing design is the low mass of the space unit.
Only ten to fifteen shuttle flights would be required to transport

the 290 metric tons of solar array, processing units, and initial

e e e e ————— o
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working fluids into lTow earth orbit. Another ten to fifteen
flights would be adequate to deploy the 260 metric tons of the
habitat and the fabrication unit. This particular plant scales
upward in mass in direct proportion to throughput. However,
with increasing operating experience less manned operating involvement
will be required. 1In addition, the trace amounts of free iron in
the lunar soil should be usable to fabricate additional tanks
and plants. If so, the amount of material necessary to be trans-
ported from earth to build secessive plants of equal capacity might
drop from 290 metric tons to 100 metric toas or less. Three to
four processing units of this design could previde most of the
refined feedstock for the manufacturing of one 10Gw SPS per year.
Naturally, there would be many othar possible applications for the
refined feedstocks. Smaller units can be deployed by one shuttle.
E. CHEMICAL PROCESSiNG

Chapter II deals primarily with the scientific and engineering
considerations involved in processing of extraterrestrial raw
materials into refined materials suitable for industrial feedstocks.
The focus is on processing of lunar materials. The economics of
such activities are briefly considered.

The implementation of an industrial capability in space will
be Timited by three types of constraints: 1) Raw materials avail-
abilities, 2) Process selection, design and operational limitations,
and 3) Development of technologies necessary to establish the
processing anc¢ manufacturing facilities and support continued
operations. The first two groups are discussed in Part One of

this chapter while the last is treated in Part Three. Part Two

W
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gives an extended discussion of specific processes for materials
conversion and refinement.

In Part One (I), the compositions of the major mineral
fractions of lunar soil which may be considered potential feedstocks
for chemical processing plants are described. Seven major elements
are identified — aluminum, calcium, iron, magnesium, oxygen,
silicon ard titanium — which are widely distributed and available
in concentrations above 1% by weight. Six additional (minor)
elements — chromium, manganese, phosphorus, potassium, sodium
and sulfur — generally occur in the 0.1 to 1% range.

The absence of easily recoverable light elements such as
hydrogen, carbon, nitrogen, chlorine and such metals as copper,
zinc, lead, etc. imposes restrictions on the diversity of output
products of processing and manufacturing plants and, additionally,
on the manner of use of many chemical reagents used expendably
on earth. Nevertheless, a surprising diversity of useful product
can be made solely or predominatly from lunar materials (Table VI)
and a broad range of chemical reagents may be employed by careful
recycling of all cubstances containing significant (over 1%)
amounts of lunar deficient elements. Such recycling operations
appear to be readily accomplished for the processes studied to
date.

Process selection will be governed primarily by the mass of
equipment, reagents, power and heat rejection facilities required
to obtain a given output rate and the design and operational
constraints set by the space environment — vacuum, low gravity,

radiation, radiant heat rejection, etc. The reagent mass



Y

I - 23

requirements are, in turn, dependent on either lunar availability
or successful recycling efficiencies. The major changes from
earth plant practice would be the management of air, water,

fuel and waste heat. Most plant operations could be conducted

in pressurized containers with artificial atmosphcres appropriate
to the processing conditions and simulated (centrifugal) or lunar
gravity. Water is also expected to be used in a number of plant
operations.

A general method is presented of classifying potential
processing methods based on the nature of process steps to release
or mobilize desired elements or constituents of raw materials
and to separate phases or fractions of given process streams.
While some exotic processes based on physical or semiphysical
rather than chemical methods are possible and, as such, may not
require reagents in tne usual sense, it appears that practical
engineering considerations and difficulties with purifying
product streams would make such schemes less attractive and of
higher technological risk than more conventional chemical routes.

General principles of chemical plant design are discussed
in section U. It is shown that the normal operations of materials
handling, phase separations and heating and cooling of process
streams can be expected to operate in substantially the same
manner as for earth plants provided a centrifugal gravity is
supplied for orbital operations. Ultimate heat rejection by space
radiators will generally be required, and for low temperature waste
heat it may be desirable to heat pump such loads to 250 — 300°cC

to minimize radiator masses. Sizes and masses of chemical reactors
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require kinetic (rate) data which may be unavaiiable for some
propcsed process steps, but correlations between volume and
throughput for analogous industrial reactors allows one to
estimate reactor sizes.

Part Two (II) discusses specific processes and treats in
varying level of detail five prior and presently proposed processes
for conversion of lunar ores into industrial feedstocks. A
sixth preocess, carbo-silico thermic reduction, is also included
in a section which compares the respective processes in regard
to a number of features including maximum processing temperatures,
power, product purity, process complexity, technological risk
and key problems.

0f the candidate processes studied, the HF acid leach process
appears to have the best potential for minimal operating mass,
ease of element separations in high purity, and favorable energy
and heat rejection requirements. It would be premature to rule
out any of the other processes without formulating a valid
rating method for comparing current or new candidate processes.
However, the HF process is certainly useful! for the immediate
development of baseline engineering models. The HF process
uses several steps which have been successfully employed on a
commercial scale on earth, but which are no longer used due to
competitive cost factors of alternate routes. Such (obsolete)
processes may be the most desirable methods of performing a number
of essential steps in an overall processing system. A pictorial
flow chart for the HF acid leach process is shown in Fig. 1 - 6
which is the basis for *the space processing plant shown in figure

I-5.
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Technology development is discussed in Part Three (III).
It is evident that materials processing is but one link in a
space industrialization activity which will also require
transportation systems, mining and beneficiation, manufacturing
and fabrication facilities and ~ssembly, maintenance and life
support systems. It appears thaet the development costs or *re
transportation technology will dominate the technology deveiopment
programs, but advances in this area may be separately funded
from other mission requirements and, in the long run, appear
inevitable.

The development of chemical processing technology can be
conducted for the most part on earth by using synthetic
lunar samples made from earth rocks and chemicals. In particular,
no additional lunar sample retrieval missions seem necessary to
develop the process steps appropriate to low-latitude lunar soils.

In addition there does not appear to be ary critizal size of

processing or pilot plant necessary to demonstrate ,c¢liable operatinn

in orbit. For example, a single space shuttle payload could
contain all of the operating elements of # typical processing
system which could be tested in sequence. A similar small
system could be oeprated on the moon in the first stages of
buildup of a lunar materials supply base and either reduce
costs or increase the capabilities of such a base in comparison
to providing all building materials from earth.

£ series of detailed recommendations is presented for process
chemistry development (of the HF acid leach process) and supportive
technologies which will be required for alm st any chemical

process adopted. A limited discussion of the interactive

-
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studies between processing technology development and development
activities in transportation, mining and manufacturing phases of
space industrialization is also given,

F. LUNAR STRIP MINING

Chapter III contains a detailed parametric analysis of the
types, number, total mass, and power of excavation equipment
necessary to initiate surface strip mining of 30,C3u tons per
year of vndifferentiated Tunar soil and expand the mining rate to
3,000,000 tons per year by the fifth year of operation. A
result of great importance is that the mining operation, even at
maturity, is rather small by terrestrial standards.

The introduction of electrostatic or other non-fluid
techniques for beneficiation of the raw ore at the excavation
site is a qualitatively significant option. If only the most
useful fraction of soil need be transported to the launching
area then only a very small fleet of vehicles is necessary for
ar. operation specifically configured for the mining of anorthite.
A single front-end loader (mass of approximately 25 tons) can
accommodate the excavation and hauling needs for the first two
years with or without at-mine beneficiation. However, by year
five a nominal fleet of twenty-four ten-ton haulers would be
required to excavate 3,000,000 tons per year of ore and waste
2 km from mine to launcher and return the 80% waste to the mine.
With beneficiation only five ten-ton haulers would be required.
Cumulative mass of excavation equipment to the moon by the
end of year five would be approximateiy 80 tons with or 150
tons without beneficiation «t the mine site. The nominal
annual energy requirements would be 67 Mw-Hr* or 390 MW-Hr

* MW-Hr = megawatt-hours.

*y
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respectively by the end of year five. The mining of
anorthite can be taken as the large scale limit of lunar
mining operations to provide 1 megaton/year of a selected ore.
To previde 1 megaton a year of bulk soil requires less
equipment.

Surprisingly, one can anticipate a very high level of
automatic and remote control of the excavation and haulage

operations with essentially no manned involvement on the moon

but with remote control by terrestrial operators. It is reasonable

to assume that maintenance of the excavation fleet can be provided

by one person. By six to eight years into the mining operation
the total mass of spare parts delivered to the moon would exceed
the mass of complete haulers imported. Several specific studies
should be conducted to provide tighter definition of the
constraints and burdens the mining operation will place on the
overall payload which must be delivered to the moon.
G. BENEFICIATION OF LUNAR SOILS

Chapter IV details the application of electrostatic
techrniques to the beneficiation of lunar soils. This technique
appears to offer an ideal means of concentrating particular size
ranges and mineral types from bulk lunar soil. Surfaces of
lunar grains are pristine, uncontaminated Ly the effects of
humidity, and therefore should preserve their characteristic
surface electrical conductivity and electronic work function
whrich are the key materials factors that permit differential
separation of grains by electrical forces. Grain temperature

is the main external variable which controls conductivity and
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work function in the lunar environment. Temperatures of
interest are readily attainable in the lunar environment by 1
use of light sources, heated or cooled basa plates, time of ‘
excavation and excavation depth. In addition, the low lunar
gravity will allow greater displacement of charged grains due
to an external electric field, which in turn can be ten times
more intense in lurar vacuum than on earth. Finally, evidence

does exist that electrostatically driven motion of lunar dust 1

operates naturally on the lunar surface. If applicable, the
electrostatic operations should permit low power and low

mass machines to beneficiate ore. A conceptual design
consistent with terrestrial designs, is presented for a lunar
unit to process 30,000 tons per year of material which would
require 7 KW power, mass approximately 20 tons and be 12 m long,
6 m high and 3 m wide including excavation equipment and tracks.
Pertinent patent literature on terrestrial electrostatic devices
is included.

Experimental evidence as to the minimal efficiency of
electrostatic beneficiation can be obtained by non-distructive
experiments with available lunar soil samples. Very high priority
should be given toc such experiments, not simply for industrial
data but also for the use of the separation technique to make
possible unique experiments in lunar sample research.

One uniquely interesting technology identified in this
study was the use c¢f traveling-electric-fieids (TEF) to charge
and move dust grains. In one embodiment of this device parallel

wirec are imbedded across the short dimension of a long plastic

ol 4
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sheet. A two or three phase voltage patte:n is rippled along
the imbedded wires, thereby producing a traveling electric field
over the plastic sheet. Charged dust laying on the sheet will
be physically moved with the field down the sheet. Triboelec-
trification occurs on grain impacts so 211 dust is quickly charged
and transported. This low power device could be built into the
surface of space suits and be used to clean them of lunar dust
prior to entering an air lock.
H. LUNAR GLASSES AND CERAMIC PRODUCTS

Chapter V confirms the commonly held assumption that
glass and ceramic articles could be made from lunar soils.
This has now been shown to be fact as a result of limited
confirmatory experiments in the Materials Sciences Department
at UCLA. Glass and ceramic has been made from oxide mixtures
identical to those characteristic of the Apollo 11 (mare,
high titanium), Apollo 12 (mare, low titanium) and Apollo 16
(highland) soils. A photograph of glass and fiberglass
produced from the Apollo 12 mixture is presented in figure
V-1. The Apollo 11 and 12 synthetic samples melted at 1350°¢C
and were very easily made into glass. The Apollo 16 mixture
melted at 1500°C and also readily formed ¢lass on cooling.
Specific components of lunar soil, such as anorthosite,
will also be valuable for forming specialty products such as
clear giass. Thus, glass and ceramic production can benefit
from mineral separation devices as well as the availability

of refined silica and silicon fractions of the lurar soil.
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Glass and ceramic production involves many empirical
control factors which must be resolved experimentally. This is
especially true when ambient conditions are changed from
atmospheric pressure to vacuum and in some cases from terrestrial
to one-sixth or zero gravity. Availability of the extensive
data on lunar soils make it entirely reasonable to begin a
series of laboratory experiments to establish general procedures .
for the production of a wide range of glass and ceramic products.
These early terrestrial experiments can establish the needed
key experiments to be performed early in zero-gravity to allow
final design of lunar and space production equipment.

This report surveys general conditions and procedures
for the production of clear window glass, refractory and
chemically inert containers, fiberglass wool, and light pipe
fibers. Light pipe fibers for use in communications systems

on the earth and in space are especially interesting because

they presently cost on the order of 100,000 $/kg for the glass L
element. Special notice is taken of the use of solar energy and
the possibility of glass production by sintering of amorphous

powders

I. MATERIAL GOODS AND THEIR INTRINSIC VALUE ($/kg),

MASS AND ENERGY OF PRODUCTION

Chapter VI explores in a unique manner a the.te which has
been repeated many times in the preceding material. That is ?
that the cost of raw materials plays a basic role in the type ;
of economic activities and products which can be pursued ir

space. We have chosen to explore this theme by examining the '%
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economy of the United States in 1967 and 1972, years for which
appropriate data exists. We determined total vaiue, total

mass and total energy consumed in the production of goods which ;
could be made from lunar materials with very little additional !

terrestrial materials and whose production could

use solar energy to advantage (more likely goods). The study

was extended to also examine goods which might be made in

space from lunar materials and with solar energy but which

could require significant importation from earth of make-up
mass, might be bulky products which would pose some problems
in downshipping to the earth or that might require major changes
in processing procedures from present terrestrial practices.

These were termed less likely goods. Excluded from the analysis

were goods and processes which require petroleum, non-lunar
chemicals or agricultural products. It was found that 64
tandard Industrial Categories in the United States economy
could be considered to be compatable with space manufacturing
using lunar materials (more likely) and that 166 categories
could be adaptable to the less likely category. There were
239 SIC groups excluded from the study.

A second interpretation can also be made of the results of
this analysis. It provides a listing of the productive cate-
gories of the United States econemy which can provide major
immediate technological assistance and gquidance to a space
program based on a source of inexpensive lunar materials. In
effect this listing guides one in seeking out industrial competence

to assist in transfering capabilities from the earth to space.
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The full Tistings are presented and explained in chapter VI.

The more likely class contains electronic devices, electrochemistry and

related processes, ceramic and glass products, many types of
machines, non-ferrous metals and other items. Many items in the

less likely category have been found on reinspection foilowing

more work in the processing areas to be more adaptable to space
production than first thought. Figure I-7 provides one manner of

examining these results. This is a histogram of the more likely

(cross hatched bars) and less likely (clear bars) on the basis

of a $/kg index. We have taken the average price of all goods

in each of the 230 SIC's examined and divided by the mateirals
inputs to those goods thai are actually embodied in the final
goods. The histogram is the total sales value of goods in a
given price intervai which is 1$/kg wide versus the average price
per kilogram in each such SIC. The goods in all SIC's shown here
had a total shipped or sales value of more than 410 billion

dnllars (104 billion $§ for the more 1ikely and 310 billion § for

the less likely). Total mass and energy consumption of the more

and less likely goods were 65 and 1,577 billion kilograms and 384
and 1,400 billion kilowatt-hours respectively. It should be noted
that 384 billion kilowatt-hours corresponds to the total annual
output of 4.4 power stations rated at 10Gw eash. Thus, energy
embodied in space products and delivered to the earth in effect
can liberate some fraction of terrestrially produced power for
other uses. These figures apply to 1972.

We see in the histogram that most goods sell for less than

10$/kg. The figure is deficient in one critical aspect in that
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there are significant quantities of specialized goods in sone

of the SIC's which sell for significantly more than the SI(
average vsed here but they are not specifically accounted for

or displayed here. If space power stations are eventuall)
included in this graph, they will initially be located between

200 and 400 $/kg (far off the right edge) and have an anrual value
to 50 to 100 billion dollars a year. A new SIC for lunar mining
would also be introduced at the right edge of the graph, approxi-
mately 20$/kg, and have an annual output value of two to four
billion dollars [note point (1) in Figure I-7].

The intrinsic cost ($/kg) of lunar materials should drop
radically as other markets are developed which require large masses
of materials. As this happens the cost in space of lunar materials
should eventually approach the cost of ejecting it from the moon.
We noted at the first of this chapter that the lunar ejection
cost could be the order of a few cents per kilogram (= .02 $/kg).
This corresponds to point (2) in Figure I-7 and implies that
approximately 10-15% of the present SIC's might eventually contain
Tunar components for use either terrestrially or in snace. As a
broader range of feedstock elements become available either through
asteroid resources, additional lunar resources or substitution of
materials then most of the SIC's shown in Figure I-7 could be
penetrated by extraterrestrial materials. However, this historical
approach to possible market potential should not distract us from
the example provided by the space power systems that new and exotic
products and new Standard Industrial Categories for space enterprises

will develop, that terrestrial-type products can be produced for

¥
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use in space more cheaply than sending them from earth, and
that the products can be relatively inexpensive as we learn to
obtain extraterrestrial raw materials at low unit costs approaching
the average cost (=0.01%$,/kg) of non-fuel Demandite (Table I11).

A drop of 1,000 in cost of lunar materials, from 20$/kg to
.02$/kg, may seem rather dramatic unless one realizes that the
380 kg of lunar samples returned by the 25 billion dollar Apollo
program could be said to cost approximately 66 mitlion dollars per
kilogram. There is every reason to think that the basic feedbacks
between mass markets and mass production can operate in space as
it has on earth for 400 years. Learning curve experience will

permit industry to continually drop unit prices.

J. DIRECTIONS FOR RESEARCH AND DEVELOPMENT

It is completely clear that space industrialization can evolve
a materials economy based on lunar and eventually asteroidal
materials sources. The pertinent question at this time is - How

small in costs and size can the intital systems be made and stili

grow at a sufficiently rapid rate to produce meaningful production

in space in reasonabhle periods of time? This question has not

previously been asked. The answer should not depend cr the
existence of one particular product, for example space power
stations, but should encompass the summed values of a wide range

of products, services, systems and as importantly new psscibilities
and capabilities which would be impossible in the context of
terrestrially originated programs. We recommend a three

level program of identification/synthesis, analysis, and carefully

directed experimentation which will insure the rapid development
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of our knowiedge of the investments required and the potential
payoffs for a raterials space economy based on lunar materials.

The IDENT/FICATION/SYNTHESIS program would identify
Jossibilities for major reductions in scale of proposed approackes
toward space industrialization based on lunar materials. Approaches
for the acquisition and utilization of lunar materials would be
proposed and synthesized into a general program leading to the
development of an extraterrestrial materials economy in space.

The program would generate an overall scenario for the program
complete with estimated costs, growth profiles and possible
products.

The ANALYSIS program would consist of a series of separate
efforts at univerisjty, private and government facilities requested
or selected by the IDENTIFICATION/SYNTHESIS group. These efforts
would consist of detailed studies of specific problems or models
for equipment, systems and/or possibly economic growth models.

The ANALYSIS nragram would be very suitable for small contracts
to university researchers.

The EXPERIMENTAL program wculd also consist of numerous small
research efforts at university, private and government facilities.
Speci "ic devices, process experiments and simulations which would
provide definite confirmation of the initial (or minimum scale)
capabilities for early use of lunar materials or special devices
for reducing the costs of initial space exploitation would be
developed. These efforts would bring to light both unexpected
difficulties or opportunities for the generation of industry

and goods in space. Again, the program and experiments envisioned

4
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would make excellent use of the diverse abilities and interests of
the university research community.

The total program would profit Ly being a highly visible
activity. The status of achievement toward reducing the cost
of initial space industrializatinrn could be continually updated
as additional concepts and information are obtained. This status
should be continually communicated to all workers and interested
parties.

An exceeding wide range of talents, the majority outside
of the present aerospace community, would have to be organized.
The group should be interfaced in an almost real-time manner so
that the synergistic effects resulting from bringing together very
diverse capabilities and possible soluticns to problems would be
quickly recognized. It is very important in reading the recommen-
dations cof specific workshops, studies and experiments in the
following sections to consider them as examples of activities
which should be pursued primariiy becauze they previde one real
pathwcy for the raduction of the initial costs of space industrial-
ization. However, these possibilities must represent only the
first steps in what should be done. The real key is to bring
together many talernts and stimulate the presentations of new
concepts, analyses, models, experimental data and projections in
a continual atmosphere of checking against physical reality and
improvements of the overall initial industrial system.

It is suggested, as one possible apprcach, that the IDENTIFICA-
TION /SYNTHESES program consist of a staff of 10 scientists,

engineers and economists who would be responsible for the
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administration and documantation of the overall program. The
administrative group would support the operation of a multi-unit
panel which would meet four to six times a year for several days.
There would be approximately 30 members on the panel. Appointments
would be on a rotating basis with staggered terms. The adminis-
trative group and the panel would establish one or mcre reference
plans for the initial approaches to space/iunar exploitation and
would request NASA to accept proposals on specific technical
problems (analyses and experiments) the panel identified.

The reference plans would be circulated to all proposers and
to the widest possible general audience prior to selection of
proposals. The reference plan itself would be open to continuous
critical review from all quarters and would be constantly updated
at the frequent meetings of the panel. Proposals would oe
selected on four month cycles and wouid senerally be tailored
in funding level anu duraiion for the accomplish:mnt of the
specific task rather than for a specific period of time such as
one year.

The administrative group would constantly document the
activities of the panel, provide 1istings of ongoing experiments,
print the abstracts of all meritorious proposals submitted to the
panel for consideration, whether or not funded, and maintain at
least one systems model of the space industrialization scheme
considered most feasible by the panel at that time. These activities
would be documented by monthly newsletters to all participants
and at costs to anyone requesting the information. The system

would be completely open with no proprietary information.
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4171 participants would be invited to attend at least one
major annual meeting for direct interactions. It is to be
expected that special work-shops would also be held as necessary
either at the main location of the panel or at locations necessary
to minimize costs. All results of funded efforts would be
required to be published in the open literature and an extremely
comprehensive indexing service would be maintained of the
literature generated and referenced. This would
the objective of drawing in the expertise of the widest possible
range of human capabilities for consideration and to establish
a wide spread literature which could be readily accessed throughout
the world botk in a planned fashion and so an arbhitrary reader
could be expected to encounter reference to the space industrial-

jization program in his general reading. In the following subsections

i s Do Ak hsr s Pae s 2y Mot Kb L

we wil? consider specific topics for these three categories as we

presently perceive the research needs with ~egard to gathering
materials cn the lunar surface and the processing in space or on
the moon of the various soil fractions. ?

IDENTIFICATION/SYNTHESIS

1. Organization of an administrative panel to construct a
reference model for a law cost program of space
industrialization. The group would request and recommend
for funding original research proposals for requested
and newly identified research problems of both an
analytic and experimental nature. The group would
constantly update the reference model, would make available

as expeditiously as possible the new and revised models
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and study results, would organize and conduct
workshops or key topics, and communicate the program
achievements to a wide audience.

2. Development of a flexibie model for the economic growth
of systems in space in terms of quantities wnich could
be provided by most experienced we-~kers in a given field
of production or development.

3. Identification of non-aerospace technclogies which should
be examined in greater depth for application to cis-lunar
industrialization.

4. Indentification of specific technical advances which could
greaitly rocduce the cost or expzad the development of
cis-lunar inadustriclization,

5. Indentification of products which could be made in space
from lunar materials with or without the addition of
terrestrial materials and would have use in space 01 on
the earth and estimate the possible net value of these
products as a functicon of raw and processed materials
costs.

In the following recommendations of specific analytical and
experimental studies we have concentrated on the areas of materials
gathering on the moon and physical, thermal and chemical processing
on the moon or in space which are consistent with the general
thrust of investigation in this report. We have indicated the
number of iian years bel'ieved to be required for various studies
and the priority we attach to the importance of the various tasks

as either enabling a major qualitative advance in the development
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of space industrialization or in more fully defining particular

processes suggested in this study.

ANALYSES/MODELS [priority (1 highest, 4 lowest), man-years]

1.

(1,2) Development of computer models for the generation

of electricity and power on the lunar surface utilizing

to the maximum extent in-situ resources with minimum
complexity ot required machinery on the moon should be
pursued. One possible approach is the use of photoemission
for power generation by creating simple diode circuits in
trenches in the lunar surface. It is possible that
unlimited power might be provided during daylight hours

by this approach at a ver, eariy point in the start of
operations. Much data is available from solar power station
research which is applicable to lunar and space proc~ssing.
(2,2) There is a clear need for solar furnaces operating
on the moon or in space to provide process heat. Most
solar furnaces designs to date have been for applications
where modest or zero macs flows through the focal! plane
have been required. Configurations to permit optical
coupling and accommodate materials flows, insulation,
regenerative heating, and a rotating focus for heating
materials in a centrifugal ¥orce field should be studied.
Of particular concern are vignetting problems in reflector
designs. This may favor transmission optics in some cases
such as athigh volume production.

(3,1/2) Conceptual analysis must be done on space radiator
systems sceled to rejoct process heat. General features

of space heat radiators have been extensively studied

[,
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in connection with previous proposed heat engine power
systems. Process heat rejection may more commonly be
necessary in to 200 - 300°¢ range. Characteristics of
practical radiator systems for this temperature range
should be studied including use of steam and acid solutions
as working fluids. Particular points to consider would
be identification of various working fluids of different
temperatures and materials compatibility requirements,
study of operations under low or zero gravity or
centrifugal force fields. Potential freeze up conditions
for various systems should be examined.

(4,1/2) Conceptual designs for heat pumps should be
explored for the pumping up of heat loads to the 300°c
range for rejection to space. The selection of working
fluids, thermodynamic cycles and construction materials
necessary for input temperatures down to cryogenic for
the Tiquefication of oxygen and/or hydrogen shouid be
investigated.

(2,1) Orbital processing plants will be required to conduct
a number of unit operations normally conducted in a
gravitationally driven flow or separation process. These
unit operations must be redesigned to operate in a
rotating environment where significant changes of the
local acceleration vector may occur in time and over the
flow path. Analyses of these cen*rifugal counter current
processes should include the short term variations in

magnitude and direction of the local acceleration.
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The conceptual design studies are necessary to identify
potential problem areas.

(4,1/2) Batch prccessing, quasi-contiruous processing or
interruptions of fully continuous process lines will
generate linear and angular momentum surges on equipment,
solar optics alignment and possibly affect machine and
human performance. An analysis should be conducteJ
predicting the magritude, effects and design considerations
of such surges for several process plant designs. Systems
to buffer these process surges should be indentified.

There will be similar need to buffer changes in the

volume of process gases and 1iqqids in the event of

process interruptions.

(3,1) Adoption of modular designs for creation of matching
capacity of various segments of pirticular processing systems
can improve reliability of overall operations through
redundant or parallel modules providing they can be

valved off in case of malfunction. There should be a
systematic analysis of unit processes to determine
adaptability to modular design including effects of
cperating tewmperature, insulation requirements, heat
transfer requirements, materials compatibility and
formability of consiruction materials. Paralleling can
increase mass and maintenance for a plant and should

not be used indiscriminately. In particular, units
operating at very high temperatures or requiring excessive

amounts of insulation or brittle materials of construction
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may be poorly suited to modular design. identification
of tubular or other units which can be lengthened and !
for which flow rates can be varied without compromising
performance should be begun. Processes which can only
effectively be increased in capacity by increases in

cross sectional area of units should be identified.
(3,1/2) Information should be gathered from industry
sources to estimate the production scrap rates versus
potential unit costs to determine the present and probable
attainable rejection fractions for various operations in
manufacturing, fabrication, and assemnbly. Studies of

the advantages or disadvantages of recycling such scraps
versus simple disposal and replacement with additional

raw materials supplied from feedstock should be attempted.
(3,1/2) Identification of expendable materials and in
particular high velume requirements such as washing,
rinsing, etching or other systems commonly associated

with various manufacturing operations saould be started

to determine regeneration or replacement needs for such
steps. Estimates should be made of the composition

and quantity of reagents, lubricants, detergents and
normally expendable supplies required by manufacturing
options.

(4,1/2) Estimates of the type and quantity of abrasives,
hard tool materials and other refractories used in
manufacturing operations should be developed. Potential

methods of separation of abrasive grains from metallic
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chips should be undertaken to facilitate recycling

i¥ indicated. Refractory recycling should also be
considered.

(1,1) An extensive survey should be conducted of all
the possible electric, magnetic and physical systems
which could be used in the non-fluid separation of

lunar minerals. Analyses should be conducted where
appropriate to consider the erfect of operating the
processes in space over a range of gravitational
accelerations and on the moon. The ability to efficiently
separate scarce lunar minerals such as spinels, ilmenite
or troilite by virtue of non-fluid means may make
recovery of certain minor or trace elements practical
which would not otherwise be possible.

(3,1) A detailed survey should be conducted of
information available from NASA, DOE and DOT on

possible power storage systems for excavators and other
mobile equipment at the lunar base and for reserve

power during lunar night or emergency periods.

(1,2) Continuing studies should be supported of initial
and long term lunar mining with a focus on equipment,
either traditonal or non-traditional, which would serve
to minimize requirements in the lunar environment for
power, mass and complexity and maximize reliability,
remote or automatic operation and productivity. Special

attention may be required for dust contamination.
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Experiments are necessary to establish the exact
parameters of several stages of the process schemes proposed in
this study and to confirm the overall feasibility of the
electrostatic processing technique to lurar soils. These
experiments are of a very small scale and are suitable to
university or other laboratories on the basis of limited,
directed contracts. Broader ranging studies are necessary to
begin to appreciate in detail the poessibilities for in-situ
power supplies for solar electricity and what can be done
directly with lunar glasses and ceramics. Many other experiments
of this general directed nature will be identified as the program
progresses. However, no element of the program need be seen
as open ended because of the end goal which is to find a low
cost means to establish material industrial operation in space
in a reasonable time frame. There will be a clear point of
diminishing returns for the initial efforts. Specific
experiments identified in this study follow. Most of the
expenses of these studies will be associated with direct labor
rather than apparatus.
EXPERIMENTS
1. (1,1) Solubility data is needed to fill information gaps
and verify previous results on solution chemis. 'y of
elements in the HF-H251F6 system. This information is
necessary to improve efficiency of separation of various
etements, removal and recovery of minor elements and
permit more detailed sizing calculations for systems.

Solubility (saturation) data review and determination

2 ¥



.

I - 46

should be conducted for fluorides and fluosilicates of

A1+++, Ca++, Fe++, Mg++ and also the minor elements Na+,

Mn++, and C:"+++ as a function of F:Si ratio, pH and
temperature including indentification of equilibrium
crystalline phases.

(4,1/2) Solubility (saturation) data should be reviewed
and determined for the fluorides and fluotitanates of

A1+++, Ca++, Fe++, Mg++ and also minor elements Na+,

Mn** and cr*™t as a function of F:Ti ratio, pH and
temperature including compostion of equilibrium
crystalline phases. Data for these systems are required
for titanium reccvery and desirable for materials
processing for oxygen production in excess of other

solid materials rea "vements.

(2,2) A comparative study of the reduction of simple and
complex fluorides of Si, Al, and Ti should be conducted.
Si, Al and Ti can be produced by sodium reduction of their
simple fluorides or by reduction of their Na or K
fluosilicates, fluoaluminates (cryolites) or fluotitanates.
These alternative routes can offer greatly changed
volatilities, melting points, etc. which may make the
reductions more convenient and influence corrosion or
containment problems and materials separations.

(3,1) Comparative studies of the hydrolysis of simple and
complex fluorides (fluoaluminates and fluotitanates)

should be conducted. Analytical studies of steam hydrolysis

have shown marked dependence of rates on melting points
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and chemical nature of hydrolytic products. For

example hydrolysis of NaF is rendered much simpler

if combined in the form of Na3A1F6 in the presence of
excess alumina. ATso hydrolysis of CaF2 and Mng is
facilitated in combination with lower melting fluoride
solutions or complex compounds.

(3,1) There should be a review of pyrolysis data and
experimental determinations where indicated for Na,

K and NH, fluosilicates and fluotitanates. Dissociation
vapor pressures of Na and K fluosilicates and fluotitanates
are important for process engineering if reductions of

these materials are used. Dissociation of NH4 fluoro-

compounds, especially if it proceeds via NH3 and acid
salts, offers useful routes to regeneration of acids and
bases from salts and also a valuable method of purifying
silicon and titanium compounds.

(1,1) 1Ion exchange data should be reviewed and determin-
ations performed for fluorides and fluosilicates of

WY, Mttt catt, Fet, Mg++

+

and the minor elements Na+,
Mn++, and Cr++ and for NH4+ for cation and anion exchange
resins and anion and cation permeable membranes. Ion
exchange behavior of fluoro ion species of solutions

of major and minor lunar elements is needed to optimize

separation processes to recover simple fluorides for
reduction or to recover hydroxides for conversion to
oxides. This latter separation cannot normally be done

directly from fluosilicate solution becausc of hydrolysis i

of the fluosilicate solution. If this can be '¢'.
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efficiently with ion exchange techniques this wil}l

permit easier recovery of oxides than by separation

of corresponding fluorides followed by steam hydrolysis.
(4,1) Amalgam chemistry and electrochemistry inves.iga-
tions of Na, Ca and Mg systems offer a potential route

to reactive metals that is possibly much easier than

high temperature reductions. The possible processes should
be identified and analyzed in terms of space systems.
(See Section II, appendix B.)

(2,1/2) Anhydrous leaching of silicates with NH, FHF
offers the possibility of a process option which would
greatly reduce the amount of water transported in
distillation operations to separate S1’F4 and HF from
leach and hydrolysis solutions.

{(1,2) Development of photoelectric power supplies should
be pursued in parallel with theoretical investigations

of design and emplacement of such systems on the lunar
surface.

(2,2) A comprehensive set ¢f experiments on the non-fluid
separation of lunar and synthatic mineral grains should
be conducted to provide input data to mining and
processing studies.

(1,4) A wide range of experiments should be conducted

on the production of glasses and ceramics for tests of
fundamental characteristics and into sample products.
Some of the tests should be conducted in vacuum and

in zero gravity as soon as the space shuttlc is available

vy
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for experiments. Pcrtions of the tests should be
directed to obtaining information necessary for the
design of production processes in space and on the
moon.
12. (1,2) The development of a wide range of soil simulants
should be started immediately to supply well characterized

materials for processing studies.

Work underway and to be done in the October, 1978, through
September, 1979, time frame is directed toward the publication of
the results to date in the open literature, continuation cf develop-
ment of one reference design of a space processing system and
organization of twe workshops. Articles have been or will be

published shortly in the Journal of Contemporary Business (Commercial

Prospects for Extraterrestrial Materials — reference 6), Chemical

Engineering (Manufacturing in Space and the Role of the Chemical

Engineer — reference 7) and the Proceedings of the 5th Conference

on Static Electrification at St. Catherines College, Oxford (Elec-

trostatic Beneficiation of Ores on the Moon Surface — reference 9).
A paper ba 2d on the analysis of lunar strip mining is being
prepared and will be submitted for publication early in 1979.

Work at the Institute will concentrate on a continuation of
the definition of a reference model for one chemical processing
approach. We will continue development of prioritized technology
readiness plans extending in scope from terrestrial experiments
to space and lunar experiments, and prototype facilities. We will
complete a flow sheet for the acid-leaching (HF) process proposed

to reduce anorthosite to its constituent oxides. This flow sheet
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will be useful in engineering studies of prototype plants and as

a comparison for other potential processes. It would be expedient
for one of the NASA field centers to conduct a summer engineering
design program on the conversion of this flow sheet into an
engineering specification for a lunar and/or space processing
plant complete with cost and development estimates for a range

of plant sizes. Pnssible variations of the basic process flow
will be explored, such as replacing a Na-reduction step with a
electrolysis operation. Finally, an attempt will be made to
identify exotic compounds which are not presently used terrestrially
due to environmental factors or hazards (example — use of calcium
as etectric wire) but mighc be of potential use in space.

Two workshops are being organized dealing with the production
of glass and ceramic products from lunar materials and the application
of electrochemistry techniques to the electrical separation of lunar
materials into the constituent elements. Professor J. Meckenzie
has agreed to chair and assist in organizing the glass and ceramic
workshop. This meeting will be held in the early part of 1979.
Professor N. Hackerman of Rice University has assisted in promoting
interest on the part of the Electrochemical Society of America
in organizing a jointly sponsored workshop with the Lunar and
Planetary Institute on the direct electrochemical separation of
lunar materials. A proceedings of the workshop is anticipated and
the workshop is planned for the spring of 1979. The interest
shown by high level professionals in a wide range of disciplines
toward the develorment of specific technologies for large
processes is direct and powerful evidence of the reasonableness

of the expectation that many aspects of terrestrial technology can
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be transferred to industrial operation in space and on the lunar
surface. Lower costs o materials and greatly expanded capabilities
in space can directly result from the deliberate planning and
application of the available terrestrial technologies of industrial
materials production to the development of lunar materials as the

early basis for cis-lunar industries.
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Table I

QUALITATIVE MOTIVATIONS FOR THE USE OF
LUNAR AND ASTEROIDAL MATERIALS

The unit cost ($/kg) of lunar materials acquired in space
should be significantly less than the shipping rate of
terrestrial materials to low earth orbit or to deep space.

This is because the lunar escape energy is 5% of that of

the earth and the moon has no atmosphere. Therefore it is
possible to directly eject material from the iunar surface

into space by means of electromagnetic launchers. The electro-
magnetic launchers are embodied as systems which are much less
massive and require less energy (propellant) than terrestrial
rockets over the lifetimes of the two systems.

It is possible to immediately begin detailed planning and
development of lunar supply operations and research on
processing of lunar materials due to the vast knowledge that
has been acquired on the lunar materials and manned operations
on the moon during the Apollo missions and by post-Apollo
research.

I1f the bulk of the materials for large space structures and
their operations are obtainable from the moon terrest: "al
launch operations can be specialized for the transport 10 space
of people, materials not available from extraterrestrial sourrex,
and high technology production and control machinery rather than
bulk cargo. This will permit the use of smaller mature launch

systems, maximize the use of the space shuttle systems for the
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Table I - (continued)
remainder of the century and minimize concerns of the
environmental impacts of terrestrial launches.
Growth of the large scale industry in space will not be
limited by one major engineering system (large boosters for
earth surface to orbit) but will have at least three
separate and distinct materials supply scurces — the earth,
the moon and earth approaching asteroids. The rate of
materials extraction from the extraterrestrial sources can
be expanded in large part by devices made in space, thus
progressively decoupling the cost of further growth from the
expense of terrestrial launch operations over time.
Considerable expertise exists outside of the aerospace community
which can be applied to industrial scale operations in space
for the supply of services to the earth and the generation
of economic systems for use exclusively in space. The key is
to reduce the cost of material inputs to resemble more closely
materials costs in the terrestrial market place. As this
occurs the costs of all space operations are not dominated by
the single factor of transportation expense to orbit.
Techniques and devices developed in the context of a space
system for the processing of large tonnages of materials and
goods will result in the much wider application of aerospace
developments to terrestrial industrial practices than the
far more specialized developments of earlier manned and unmanned

space programs.

b e e
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Table I - (continued)
Increasing the range of participants in the planning and
operations of large space programs will inevitably result
in an increasing rate of discovery of new and profitable
applications for growth of industry into space. The possibil-
ities for future exploitation and exploration will be consider-
ably enriched by an expanded base of in-space operations.
This is probably the only way the economic reach of space
industries can be extended past the service segment of the

national and world economies.
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Table II

SIGNIFICANT RESULTS OF THE "EXTRATERRESTRIAL
MATERIALS PROCESSING AND CONSTRUCTION" PROGRAM

R Y

e e ag o s

An initial scale of materials usage in a large space structures
program such as the proposed space power satellites (4.104 to
105 tons per year) is consistent with the industrial prototype
scale of chemical processing operations (possibly with parallel
units). Development of such processing units is normally
expected to require three to eight years to complete rather
than 12 to 18 years as is common in large scale terrestrial
industries which process far larger inputs of materials

(105 to 107 tons per year) in the intensely competitive
terrestrial economy.

Mature industrial installations in the terrestrial economy

must be refined in design to allow extremely accurate knowledge

of the final costs of products over a wide range or competitive
conditions including labor, materials, financing and markets.
Often success or failure will depend on small differences

between rather similar technical approaches to the same products.
In space the initial competition will be against the cost of
launching bulk or semifinished goods from earth (> 200 $/kg).

It seems reasonable to expect the unit costs of various processes
to be only a few times higher in space than for similar operations
on the earth even in the initial stages of operations (21 $/kg).
Learning curve experience acquired in space operations will

steadily enhance the attractiveness of lunar feedstocks in

competition with terrestrial supplies.

\{ 4
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Table II - (continued)
Three chemical processes have been identified for the
chemical separation of all the principal lunar minerals into
the major oxides and into their major elements. These processes
utilize low temperature and lTow pressure aqueous leaching in
either hydrogen fluoride, hydrogen chloride or sodium hydroxide.
Electrochemical techniques are used for metals separations.
These processes apnear to be compatible with operations in a
space environment although artifical gravity is required in
several of the process steps.
A1l steps in the hydrogen fluoride process are either based
directly on systems used commercially for similar process
steps or are based on common laboratory practices. A set of
small-scale experimental and analytical projects are described
which can be done in university or industrial laboratories.
The experiments will provide knowledge necessary to immediately
proceed to the design of a prototype processing unit based on
the hydrogen fluoride option. The unit could be used for
production tests on the earth and for very early in-space
processing tests in the space shuttle, _
There is minimum or no need for additional exploration at low
lunar latitudes to confirm the existence of usable sources of
the most common lunar minerals as dependable sources of the
major elements (oxygen, silicon, aluminum, iron, calcium,
magnesium, and titanjum). It will be extremely profitable
to survey the vemaining lunar surface from orbit to locate

concentrations of wminor elements and volatiles in order to
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Table II - (continued)
enrich the inventory of lunar elements availabie for
exploitation. It will be useful to have high resolution
topographic maps of possible mining sites.

6. Glasses, fiberglasses and ceramics have been produced from
oxide mixtures identical to major mare (iron rich) and
highland (aluminum rich) soils sampled at the various Apollo
landing sites. Mixtures of major lunar soils, soil separates
and elemental separates can provide ingredients for an extensive
suite of glasses and ceramics for a wide range of structural,
processing, optical and other uses. Glass and ceramic
production can be fully explored with terrestrial simulants
of lunar materials. Vacuum production of the test articles
should receive special attention. Unique glass products
produced from lunar soils may be one of the first commercially
attractive products for terrestrial use.

7. Lunar mining operations have been studied by means of parametric
models based on terrestrial experience with strip mine operations.
The initial operations are extremely small by terrestrial
standards. Even the materials handlirg required to construct
5 to 10 space power stations each year (90,000 tons per :tation)
is small by terrestrial standards if electrostatic or magnetic
separation techniques can be used at the mining site to
winimize haulage. Current terrestrial practices are consistent
with a highly automated mining system where most of the human
involvement is in machine maintenance and remote monitoring

rather than direct operations.
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Table II - (continued)
Electrostatic separation techniques appear\to be directly
applicable to the tailoring of raw lunar soil with small,
low power devices to select only the mineral fractions which
are most appropriate in elemental content to the immediate
needs of the space industrial complex. Device developments
can be done with very small quantities of lunar soil.
However, it is likely that a prototype device for lunar
processing should be tested and operated on an unmanned rover
early in final site verification operations.
A survey of the Standard Industrial Categories (SIC's) of the
United States reveals that the major materials inputs te 64
of these categories is consistent with a lunar supply source
and/or can take advantage of solar thermal/electrical power
in processing and fabrication. Goods in the.e 1972 categories
had an output value of 58 billion dollars. These SIC's
included electrometallurgy, glass, ceramics, 1ight and
spacialty metal workings and fabrication and ciectronics.
These SIC's represented not simply possible product ranges
for space manufacturing but more importantly in the early
stages of space industrialization a vast source of technical
expertise which can te focused on creating space industries.
In addition, the process energy of these products was over
380 Billion kilowatt - hours in 1972. Import from space of
such products also imports to the biosphere this space processing
energy which could be a significant fraction of the total

energy of the nation.

by
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Table III

Non-renewabie resources must be extracted from the earth,

sea, and air and processed into a rform which can be used by
industry. "“Demandite" is an imaginary molecule which contains

the weight fractions of all the various materials used in the
United States in 1968. The properties of Demandite are summarized
below. Notice that fuels constitute the largest fractioa of the

Demandite molecule.

Weight

Use Fraction Components

Fuel 0.46 Hydrocarbon ((‘,H2 to C6H14)

Building 0.45 Calcium carbonate (CaCO3)

Materials Silica (Si0,)

Metals 0.06 Iron, aluminum, magnesium,
manganese, titanium, copper,
lead, zinc, other metals

Agriculture 0.01 Nitrogen, potassium, phosphorus

Others 0.02 Oxygen, sodium, chlorine, carbon

Average Unit Cost - 1.4¢/Kg

‘ Metals Unit Cost - 21.0¢/Kg

' Total Quantity - 3 Billion Metric Tons
Total Costs - 42 Billion Dollars
Average Unit Recovery Energy - 1.14 KwtHr/Kg

Raference {10)
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Table IV

The major problem facing the modern industrial world is to find some
source of energy to replace petroleum. Electricity produced by solar
energy would do this. A new molecule of non-fuel and non-renewable
elements (non-fuel Demandite) can now be defined by subtracting out the
fuel in Table III and introducing the fractions of the elements which
compose the remaining substances in Table III (see columns 1, 2 and 3
belew). Surprisingly, 11 of these 16 elements can be obtained from

the lunar soil with no more than a factor of ten enhancement over their
natural lunar concentrations. The other five elements comprise less
than 10% by weight of the non-fuel Demandite (columns 4 and 5).

(1) (2) (3) (4) (5)
Element Major Use Weight Fractions Apollo 15  Enhancement
Non-fuel Demandite (3) Mare Required (c)
Oxygen (0) .4547 .4130 1.10
Silicon (Si) Building .2444 .2158 1.13
Materials
Calcium (Ca) 1417 .0696 2.0
Carbon (C) .0574 .000095 604.0
Iron Metals .0479 .15635 0.31
Aluminum .0023 .0546 0.042
Magnesium 007 .0681 0.025
(a) .0020 .000022 90.0
(b) .0030 .0189 0.16
Potassium (K) Agriculture .0021 .0008 2.6
Phosphorus (P) .0019 .0005 3.8
Nitrogen {(N) .0083 .00008 103.0
Sodium (Na) Chemical .0095 .0023 4.1
Processing
Elements
Sulfur (S) .0058 .0006 9.7
Chlorine (C1) .0147 .0000076 1934.0
Hydrogen (H) Plastics .0025 .00007 350.0
Totals .9999 .9980

(a) Copper, zinc and lead.

(b) Manganese, titanium, chromium, barium, fluorine, nickel, argon, tin, bromine
zirconium, and boron (mostly titanium and maganese in Column 4).

(c) The enhancements, especially for the minor elements, may vary considerably
from one lunar landing site to another. H may be at lumar poles.

Reference (10)
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FIGURES (CHAPTER 1)

I-1.

I-2.

Schematic of the flow of matter from the sources cn and

in the earth to the final products and losses. Wealth,
personal freedom, and the overali adaptability/complexity
of the industrial societies appears to be det  rmined by

how efficient these industrial activities are and on how
much technology and science can reduce the degree of human
involvement necessary for direct operation of industry.

A11 this activity takes place in the biosphere (natural
recycling system driven by solar energy) and on the bedrock
provided by the surface of the planet. Demandite represents
the average distribution of elements used to form the pro-
ducts of civi]ization.]o
Demandite will be used in a similar manrer in space as

on the earth following the replacement on earth of hydrocarbon
fuels. However, space industries will have a far greater
incent ve to conserve working 7vluids or recycle mass than

on earth in the various industrial processes due to the

launch expense of obtaining and redlacing initial stores from
earth. In this figure the lower case letters correspond to
the total extraterrestrial and terrastrial mass in kilograms
extracted (m', m, de)‘ processed (ds, d), lost (1), or

, ee) from a space industry from the start

exported (ep, e,

of the use of extraterrestrial materials. The mass flow of
personnel to and from space is given by p and p' respectively.
The dots over the small letters indicate the flow rates

of these masses. Initially capital investment in the creation

et S Arne? A R M Ml i o S Hrke L Y

e 4



FIGURES (CHAPTER I) continued
of space irdustry will bLe approximately proportional to the
mass of machines, materials, and people which must be
transported into space [Ce(Kg), p(Kg), p'(Kg)] due to the
high cost of earth to orbit transportation compared to
earth surface or in-space transportation. Thus there is
tremendous incentive to reduce the initial integral launch
mass. As space industry matures its overall efficiency and
economic roturn will be determined in part by the efficiency
with which recycling can be accomplished. The coefficients

c(Kg/kg) and cp(kg/kg) are respectively for 1ife support and

SO Y e

recycled process fluids in industrial operations. These
coefficients specify the kilcgrams of materials which must be
brought from earth to process one kilogram of extraterrestrial
material at a given stage of process on make-up of loss from
one kilogram of life support material. These coefficients
must be much less than unity. In the production phave it is
important to minimize the need for demandite make-up mass from
earth [de(kg/kg)] and capital equipment sent from earth
{ce(kg/sec)] from earth. The coefficients (kg/kg) specify

lkow many kilograms of new terrestrial material must be
introduced per kilogram of processed or constructed terres-
trial facilities or goods output. This ratio changes with
time. The large letters refer to the value added (M', M,

P, Ee’ Eb),by processing or combining terrestrial and extra-
terrestrial materials (D = D, + De) or to the value of input

capital flow (Ce) un a dollars/kilogram ($/kg) basis.
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FIGURES (CHAPTER I) continued.

I-4,

I-5.

Artist sketch, to scale, of the Grand Coulee Dam in the
state of Washington. The small volume of mass on the
upper ieft hand portion is the volume of an SPS compressed
to the iensity of concrete (5 T/m3). The small volume on

the lower right hand side is the volume of the active
electronics necessary in the ground rectenna to receive i0
gigawatts of power from the SPS and convert it to a form
suitable far transmission to terrest:ial users. Grand Coulee
will produce 9.2 gigawatts of electrical power on completion
of installation of full generator capacity.

This is an artist's concept of one particular design of a

Tunar base specialized for the long-term supply of minimally
processed Tunar soil to a collection point in space. The view
is from a few hundred meters above the landing pad to the
sbuthwest of the mair complex. The base is composed of

four converted shuttle tanks in the middle foreground of the
picture, 2 small mining area in the lower right, a photovoltaic
power supply in the middle left and electromagnetic launching
device for soil units stretching from the center to the upper
right. This “ew is of the second lunar day of base
emp1acement.24
This is onre possible concept of a chemical plant in low earth
orbit which is configured to process approximately 30,000
tons/year of lunar soil. Ten .o 15 space shuttle missions

would be required to denloy t